We obtain the input data for Bayes Theorem, and use the theorem to determine the probability of a patient having a lumbar HNP, given only a positive MRI. We also enumerate the potential consequences that the clinician must keep in mind when making the diagnosis of lumbar HNP. We used the theorem by Bayes, in conjunction with well-established results in the orthopedic literature, to calculate the probability of lumbar HNP given only a positive MRI finding. The necessary information provided by the orthopedic literature includes the prevalence of lumbar HNP, the probability of a positive MRI finding given that there is no HNP, and the probability of a positive MRI finding given that there is HNP. We found that the probability of lumbar HNP given only a positive MRI finding was 8%. The probability that there is no lumbar HNP, even when there is a positive MRI finding, is 92%. Clearly, MRI scans cannot be trusted as the sole source of diagnostic information
Introduction
Herniated lumbar discs (HNP) are a large problem in the Western world. Andersson found that 1-3% of the population of Finland and Italy had HNP (Andersson, 1991) . Researchers who have investigated other populations obtained similar findings (Borenstein, Wiesel, & Boden, 1995; Frymoyer, 1988; Lawrence et al., 2008) . This condition is one of much pain and suffering for the afflicted patient, to say nothing of the financial cost.
PUBLIC INTEREST STATEMENT
The article, "The shocking implications of Bayes' theorem for diagnosing herniated nucleus pulposus based on MRI scans" shows that because of the low base rate for the disorder, and the substantial false alarm rate, the probability that a person has the disorder given that an MRI scan has diagnosed it, is only 8%. Thus, the probability of not having herniated nucleus pulposus (commonly called a "slipped disk") is 92% when an MRI scan is positive. The importance of a proper examination is emphasized, as is the demonstration of the lack of validity of MRI scans for these sorts of diagnoses.
If surgery is needed, the costs increase considerably. This is worthwhile if the chances of helping the patient are good. If the diagnosis is wrong, the patient has taken the risks of surgery and suffered the pain and financial cost for no good reason. The real tragedy is when a patient develops a "failed back syndrome" from the surgery when the diagnosis was wrong and the patient should never have had the surgery.
Making the diagnosis of HNP is not always easy. Doctors use three types of information in making the diagnosis of HNP: History and physical exam (H & P), Electrodiagnostic studies, usually EMG/NCV, and Radiology, usually MRI (Cho, Ferrante, Levin, Harmon, & So, 2010) . Components of and problems with each are summarized in the following sections.
H&P
We first consider the contents of the exam; different sources have somewhat different thoughts.
• The New York Mid and Low Back Injury Medical Treatment Guidelines First Edition 30 June 2010 require details of muscle weakness (The New York mid & low back injury medical treatment guidelines, 2010).
• The American College of Occupational and Environmental Medicine guidelines (the official guidelines for the state of California) require history of pain and paresthesia location, and examination of the muscles innervated by each nerve root (Glass, 2004 ).
• The Official Disability Guidelines (the official guidelines for the state of Texas) require exam of Quadriceps, Tibialis Anterior, toe and ankle plantar flexors, straight leg raising (SLR) and crossed straight leg raising, and reflex exams (Denniston, 2009 ).
• Wheeler et al. require that exam contains SLR and crossed SLR, Extensor Hallucis Longus, Tibialis Anterior, Triceps Surae, ankle jerk, and location of sensory decrease (Wheeler, Wipf, Staiger, et al., 2010) .
• Atlas and Deyo required hip flexion, knee extension (L3 and L4), Tibialis Anterior, Extensor Hallucis Longus, and Triceps Surae (Atlas & Deyo, 2001 ).
• Hakelius and Hindmarsh required knee jerk as the only finding that mattered for L3-4 HNP (Hakelius & Hindmarsh, 1972 ).
• Weber required radicular pain, positive SLR, or muscle weakness (Weber, 1983) .
Multiple nerve roots might innervate a single muscle. If that muscle is weak, then at least one of the nerve roots is inflamed. In the absence of other evidence, an MRI is indicated to locate the presumed HNP.
All nerve roots innervate multiple muscles. Consequently, all of the muscles must be examined because any one of them might be weak. If one of them actually is weak, an MRI is indicated.
Some patients have radicular pain. Some doctors might be tempted to conclude that this indicates HNP and so an MRI is indicated. However, it is common that such pain indicates pathology different from HNP; one example is a trigger point, which causes pain radiation down a leg in an L5 or S1 distribution.
In summary, we recommend the examination of all the muscles or joint motions that are innervated by L4, L5, and S1. According to Chou et al., at least 90% of HNP occurs at L4-5 and L5-S1 (Chou et al., 2007) . As noted above, weakness of a muscle innervated by multiple roots is still evidence of nerve root irritation.
The following problems are standard in the evaluation by H & P:
(1) Crossed SLR is 90% specific for HNP but not very sensitive whereas SLR is more sensitive but less specific (Wheeler et al., 2010) .
(2) Muscles may be weak because of pain or disuse or other reasons, rather than HNP.
(3) Not all the muscles innervated by an affected nerve root are weak in every case.
(4) Anatomic variations happen in about 3% of cases, resulting in pre-or post-fixed lumbar plexus (e.g. the L5 root carrying the fibers normally considered L4 or S1) (Hollinshead, 1958) .
(5) Authorities do not agree on which nerve root(s) supply certain muscles. Andersson and Deyo stated that the Peroneals are innervated by S1 and ankle dorsiflexors are innervated by L5; Extensor Hallucis Longus (EHL) weakness is found more often in patients with L5-S1 HNP than L4-5 HNP (Andersson & Deyo, 1996) . Wheeler et al. wrote that the EHL and Tibialis Anterior get innervation from L5 (Wheeler et al., 2010) . Atlas and Deyo said that L4 innervates the Tibialis Anterior and L5 innervates the Extensor Hallucis Longus, Quadriceps innervations is from L3 and L4 (Atlas & Deyo, 2001 ). Finally, Hollinshead wrote that L5 and S1 innervate the Gluteus Maximus, and the Gluteus Medius's and Minimis's nerve supply is from L4, L5, and S1. Also according to Hollinshead, L5 and S1 supply the Extensor Hallucis Longus; L4-S1 supplies the Peroneals (Hollinshead, 1958) .
EMG/NCV
EMG/NCV is useful in situations where one cannot trust the muscle exam. However, they will be normal if the nerve root is irritated enough to cause pain, but not enough to show injury electrically. Glantz and Haldeman discussed further problems with the EMG: (Glantz & Haldeman, 1991) (1) Weak muscles may have normal EMG.
(2) NCV is usually normal in radiculopathy.
(3) Even with sensory loss, sensory EMG/NCV is usually normal (4) Completely reinnervated muscles will be normal by EMG.
Similarly, Cho et al. stated that electrodiagnostic studies do not make any independent contribution to the diagnosis of lumbosacral radiculopathy (Cho et al., 2010) .
MRI
Several authorities have come to conclusions about the validity of MRI findings.
(1) Boden et al. found that the MRI is 30% falsely positive (Boden, Davis, Dina, et al., 1990) . Jensen et al. obtained similar results (Jensen et al., 1994) . If the MRI does not show a herniated disc, it is accepted that there is no herniated disc. Of course there may be positive findings from other diagnoses, such as chemical radiculitis (Friedman & Goldner, 1983; Marshall, Trethewie, & Curtain, 1977) .
(2) Radiologists often report the radiologic findings, but they say that the diagnosis should be made with the clinical findings considered. In other words, if the clinical findings lead to a diagnosis of nerve root problem, a positive MRI finding shows HNP. But if not, a positive MRI finding does not show HNP.
(3) There is no unanimity about the meanings of various words used to describe an abnormal bulge in a disk. A survey by NASS found that "extruded" had clear meaning, but the members could not clearly distinguish between bulging, slipped, and herniated (Fardon & Milette, 2001) .
The foregoing problems with MRI validity suggest that its use, in the absence of clinical evidence, might not increase clinical results. Chou, Fu, Carrino, and Deyo (2009) tested this possibility in a systematic review and meta-analysis and found that short-or long-term outcomes did not vary significantly between those patients who received MRI and those with conventional care only. They concluded that clinicians should not get routine imaging (MRI or CT) unless there are clinical findings suggesting a serious underlying condition (Chou et al., 2009 ). This conclusion is consistent with Vucetic, Astrand, Guentner, and Svensson (1999) who stated: "Many people have asymptomatic herniations, and today supersensitive imaging is widely available. Thus the importance of clinical evaluation has increased, and most of the relevant information can be obtained by listening to the patient" (Vucetic et al., 1999) . Staiger et al. (2010) agrees that because of the problems with H & P and EMG/NCV discussed earlier, many doctors place undue reliance on the MRI and consequently approximately ¼ of patients who obtained an MRI did so without indication (Staiger, Gatewood, Wipf, et al., 2010) .
Because of imaging difficulties similar to the above, Charles Herndon, M.D. taught his residents in the 1960s that "IF TO OPERATE" is a clinical decision, but "WHERE TO OPERATE" requires imaging confirmation." However, Rubinstein and Tuldar stated that "the clinician can accurately identify sciatica due to disk herniation" (Rubinstein & Tuldar, 2008) . Wheeler et al. wrote that the only reason for MRI is worsening neurological deficit (Wheeler et al., 2010) .
Hypothesis
In support of Dr. Herndon's teaching, our hypothesis is "The probability of finding a herniated disc at surgery is very low if diagnosis is made only by virtue of a positive MRI finding, without positive clinical findings."
Purpose
The purpose of this study is to prove the hypothesis by using the famous theorem by Bayes. The orthopedic literature provides the data to use in the theorem. Such proof would provide a strong argument in favor of not relying too heavily on only MRI findings.
Method
Bayes' theorem is used in a wide variety of areas such as mathematics, statistics, engineering, physics, neuroscience, and others. It takes on a variety of forms but the form that is convenient for our purposes is given below as Equation (1). We use Equation (1) to obtain the conditional probability of lumbar HNP given a positive finding from an MRI scan [P(HNP|F)]. A conditional probability is the probability of one thing given that something else is so, and the vertical line in P(HNP|F) symbolizes "given that." The variables on the other side of the equals sign are the prevalence of lumbar HNP [P(HNP)], the probability of a positive MRI finding given that there is HNP [P(F|HNP)], and the probability of a positive MRI finding when there is no HNP [P(F|~HNP)]. The tilde is the symbol for negation.
To use Bayes' theorem, it is necessary to have three items of information. First, we need the probability of a positive MRI finding given that there is no HNP; this is 30% (Jensen et al., 1994; Marshall et al., 1977) . Second, we need the probability of a positive MRI finding given that there is HNP. According to Boos et al., this probability is 80.4% (Boos et al., 1995) . Third, we need the prevalence of lumbar HNP in the population, which we already have seen is between 1 and 3% (Andersson, 1991; Borenstein et al., 1995; Frymoyer, 1988; Lawrence et al., 2008) . The usual statistical term for prevalence is "base rate" and so we will use the latter term hereafter. To be conservative, we will use 3% for the base rate, as the findings to be presented would be even more extreme if we used a lower number.
(1)
P HNP|F = P(HNP)P(F|HNP) P(HNP)P F|HNP + P F| ∼ HNP 1 − P(HNP)

Results
After substituting the numbers provided in the foregoing paragraph into the appropriate places in Equation (1), we find that the probability of lumbar HNP given a positive MRI finding is .0765, or under 8%. Obviously, then, in approximately 92% of the cases where lumbar HNP is diagnosed based solely on a positive MRI finding, there actually is no lumbar HNP.
Given the low base rate for lumbar HNP (3%), the finding that the probability of lumbar HNP given a positive MRI result is less than 8% is not mathematically surprising to researchers who are familiar with Bayesian analyses. However, to the many doctors who confidently diagnose lumbar HNP based on positive MRI results, and who are unfamiliar with Bayesian analyses, our finding should indeed be revealing.
Discussion
Intuition might suggest that the 30% false positive rate implies that the MRI is correct 70% of the time. But this intuition contradicts our finding and the driving force behind the contradiction is the low base rate for lumbar HNP. It is because of this low base rate that when there is a positive MRI finding, the conclusion that there is lumbar HNP has a 92% probability of being wrong. The fact that intuition and hard mathematics are in contradiction demonstrates the value of depending on hard mathematics rather than on intuition. This contradiction also demonstrates the value of considering base rates. From the perspective of the practicing doctor, the findings cast doubt on the validity of the MRI in diagnosing lumbar HNP. In essence, it means that the doctor should not order an MRI to diagnose lumbar HNP without having clinical evidence.
One way to conceptualize positive clinical findings is that the positive findings increase the base rate of lumbar HNP. Put another way, the percentage of people with lumbar HNP likely is far greater in patients with positive clinical indications than in the general population. With a substantial increase in the base rate, the combination of a complete clinical examination and an MRI is more valid than an MRI alone for diagnosing the presence of HNP. We hasten to add that once the presence of HNP is diagnosed, an MRI can be invaluable for diagnosing where it is.
Consider a hypothetical example where the clinical findings are positive and so the base rate probability that a particular patient has lumbar HNP is 70% as opposed to 3% in the general population. In that case, if the MRI finding is also positive, applying Equation (1) indicates that the conditional probability of HNP given the positive MRI finding is 86% and so the probability of wrongly drawing the conclusion is 14%. Obviously, it is better to be wrong 14% of the time than to be wrong 92% of the time, thereby illustrating the potential importance of a complete clinical examination.
The foregoing hypothetical example suggests an important direction for future research. If doctors knew the base rate of HNP given a single positive clinical finding, two positive clinical findings, and so on, this information could be used in Equation (1) to calculate, for each patient, the conditional probability of HNP given both the clinical picture and the MRI finding. If different clinical findings are of unequal diagnostic values, this also could be figured into Equation (1). Thus, we strongly suggest that researchers collect the requisite data to obtain these probabilities. More generally, a recent introduction and tutorial on the use of Bayesian analyses in medicine suggests a variety of ways to make important medical advances through Bayesian methods (Trafimow, 2015) .
It is unfortunate when a patient undergoes indicated surgery that, though justified, nevertheless causes complications such as epidural scarring or "failed back syndrome" that condemn him or her to serious lifelong problems. But if the surgeon, based on a positive MRI finding in the absence of a proper clinical examination, operates when it is not justified, the complications are an unmitigated tragedy. We hope that orthopedists will take the present Bayesian lesson to heart, perform proper clinical examinations, and thereby reduce the incidence of unjustified operations in the future.
